Abstract: Several reviews have assessed the relationship between exposure to ambient air pollution and adverse birth outcomes during pregnancy, but the results remain controversial. The objective of this study was to assess this correlation quantitatively and to explore sources of heterogeneity. We included all published case-control or cohort studies that evaluated the correlation between ambient air pollution and low birth weight (LBW), preterm birth (PTB), and small for gestational age (SGA). Analytical methods and inclusion criteria were provided on the PROSPERO website (CRD42018085816). We evaluated pooled effects and heterogeneity. Subgroup analyses (grouped by exposure period, study settings, study design, exposure types, data source, Newcastle-Ottawa quality score (NOS), and adjustment for smoking or meteorological factors) were also conducted and publication bias was examined. The risk of bias in systematic reviews (ROBIS) tool was used to evaluate the overall risk of bias in this review. Forty studies met the inclusion criteria. We observed pooled odds ratios (ORs) of 1.03-1.21 for LBW and 0.97-1.06 for PTB when mothers were exposed to CO, NO2, NO x , O 3 , PM 2.5 , PM 10 , or SO 2 throughout their pregnancy. For SGA, the pooled estimate was 1.02 in relation to NO 2 concentrations. Subgroup analysis and sensitivity analysis decreased the heterogeneity to some extent, such as the subgroups of continuous measures , I 2 =0.0%) and , I 2 =0.0%) in evaluating the association between PTB and NO 2 . This review was completed with a low risk of bias. High concentrations of air pollution were significantly related to the higher risk of adverse birth outcomes. However, the sources of heterogeneity among studies should be further explored.
Introduction
Adverse birth outcomes, such as preterm birth (PTB), low birth weight (LBW), and small for gestational age (SGA), have been associated with an increase in neonatal morbidity and mortality, potential developmental problems of children, and the risk of many diseases during adulthood (Wilcox, 2001; Behrman and Butler, 2007; van Lieshout et al., 2015) . For example, PTB is the main cause of neonatal death and the second main cause of death among children under five years of age (Lawn et al., 2010 of complications of PTB, more than one million children die each year around the world. Countless survivors have to face life-long disabilities and a variety of chronic diseases (Saigal and Doyle, 2008; Lawn et al., 2010) . About 15.5% of infants worldwide have LBW. The incidence in developing countries is more than twice that of developed countries (16.5% vs. 7.0%) (Wardlaw, 2004) . The risk factors for these adverse effects include maternal age, drinking, smoking, and lower economic status. Infection during pregnancy, pre-pregnancy body mass index, multiple pregnancies, premature rupture of membranes, and intrauterine death are also important (Bibby and Stewart, 2004; Du et al., 2017) .
There is also growing evidence that air pollution plays a key role in the occurrence of adverse pregnancy outcomes (Shah and Balkhair, 2011; Nieuwenhuijsen et al., 2013; Pedersen et al., 2013) . To quantify the relationship between air pollutants and adverse birth outcomes, a number of meta-analyses have been carried out in recent years (Sapkota et al., 2012; Stieb et al., 2012; Lamichhane et al., 2015; Sun et al., 2015; Zhu et al., 2015) . What is more, molecular studies have demonstrated that polycyclic aromatic hydrocarbon DNA (PAH-DNA) adduct levels, a series of environmental-exposure biomarkers, are related to fetal intrauterine growth retardation (Šrám et al., 1999) , providing reasonable biological mechanisms for the association between air pollution and fetal growth and development (Šrám et al., 2005) .
Nevertheless, further studies are required because of some limitations in the methodology and contents of previous reviews. First, all previous metaanalyses monitored effects with significant heterogeneity (Sapkota et al., 2012; Stieb et al., 2012; Lamichhane et al., 2015; Sun et al., 2015; Zhu et al., 2015) . According to the Cochrane guide (Higgins and Green, 2011) , it is not sufficient simply to assess effects with significant heterogeneity. Second, as some authors noted, the small sample size and the lack of consideration of some potentially significant confounding factors have hindered the quantitative detection of sources of heterogeneity (Sapkota et al., 2012; Stieb et al., 2012) . Third, to our knowledge, no publications on the relationship of air pollution and birth outcomes have used the risk of bias in systematic reviews (ROBIS) tool, a new and valuable approach for evaluating the risk of bias in reviews (Whiting et al., 2016) . In addition, previous reviews have been focused mainly on single pollutants or single pregnancy outcomes, so the results are limited and controversial (Bosetti et al., 2010; Sapkota et al., 2012; Zhu et al., 2015) .
In this meta-analysis with a larger sample size, we have conducted a systematic review to assess the relationships between ambient air pollution and PTB, LBW, and SGA with different gestational periods, study settings, study designs, exposure types, data sources, and Newcastle-Ottawa quality scores (NOS). We have also taken into account the possible mixed effects of smoking by the mother and meteorological factors to summarize this association quantitatively and explore the sources of heterogeneity.
Methods
Analytical methods and inclusion criteria were provided on the PROSPERO website (CRD42018 085816) in advance. A PRISMA checklist of metaanalysis was presented in Table S1 .
Search strategy
We conducted a systematic review in PubMed and Web of Science (from January 1980 to March 2017) to identify the correlation between ambient air pollution and PTB, LBW, and SGA. For this purpose, we used the following search strategy: ("air pollution" OR "environmental pollution" OR "air quality" OR "atmospheric pollution" OR "atmospheric pollutants" OR "PM 10 " OR "PM 2.5 " OR "NO 2 " OR "SO 2 " OR "NO x " OR "CO" OR "O 3 " OR "sulfur dioxide" OR "nitrogen dioxide" OR "carbon monoxide" OR "ozone" OR "particulate matter") AND ("adverse birth outcomes" OR "adverse pregnancy outcomes" OR "low birth weight" OR "preterm birth" OR "premature birth" OR "preterm delivery" OR "small for gestational age" OR "LBW" OR "PTB" OR "SGA"). No "gray" or unpublished literature was included. Only publications in English were considered.
Study selection
The inclusion and exclusion strategy is described in Fig. 1 . Studies were included based on the following criteria: cohort or case-control study design; non-occupational or non-accidental exposure outdoors; human live birth; and birth outcomes being PTB, LBW, and SGA. PTB referred to a birth at the gestation of less than 37 weeks and LBW to a birth weight of less than 2500 g. SGA referred to a birth weight of less than the 10th percentile for a given gestational age. In general, studies that were not associated with "air pollution" and "birth outcomes" were excluded. Cross-sectional studies, daily time series studies, case reports, and summary-only studies were also excluded. Two authors with medical and epidemiological backgrounds independently assessed the relevance of the included articles. Disagreement between the two authors was resolved by a third author's evaluation.
Data extraction
The following data were extracted from each study: authors, publication date, study years, study setting, study design, sample size, data source, exposure type, air pollution exposure period, kinds of pollutant, outcome frequency, statistical methods, effect estimates, and adjusted covariates. Effect estimates, adjusted odds ratios (95% confidence interval) (ORs (95% CI)) or relative risks (95% CI), were extracted by different pollution exposure periods, and from single pollutant models after adjusting for other covariates because not all studies were adjusted for other air pollutants. To compare effects among pollutants, pooled effect sizes were shown by pollutant concentration increments (1 part per million (ppm) CO; 20 parts per billion (ppb) NO 2 ; 20 ppb NO x ; 20 ppb O 3 ; 20 µg/m 3 PM 10 ; 10 µg/m 3 PM 2.5 ; 5 ppb SO 2 ) (Sun et al., 2015) .
Risk of bias assessment
We used the NOS to assess the quality of included studies (Wells et al., 2018) . For case-control studies, the assessment was based primarily on the selection of people in the case and control groups, the comparability between groups, and the assessment of exposure. For cohort studies, the assessment was based primarily on population selection, comparability between groups, and follow-up of outcome events.
In addition, we used the ROBIS tool to assess the overall risk of bias of reviews (Whiting et al., 2016) . ROBIS was expected to be completed in three phases. The first phase, which was optional, assessed whether the review was relevant. The second phase consisted of four key areas covering study eligibility criteria, identification and selection of studies, data collection and study appraisal, and synthesis and findings. The third phase then evaluated the overall risk of bias in interpreting the findings, and any limitations identified in the second phase were taken into account. There were three judgments: low, high, or unclear for every question (Whiting et al., 2016) . Data extraction and quality assessment were also performed by the authors, and discrepancies were resolved by a third author's evaluation.
Statistical analysis
This meta-analysis was analyzed using Stata Version 12.0 (Stata Corp., College Station, TX, USA). Effect estimates were finally expressed as adjusted ORs. If relative risks were shown, then we converted those into ORs (Zhang and Yu, 1998) . When the P value was not <0.05, the fixed effect model was chosen. Otherwise, the random effect DerSimonian and Laird model was chosen. The heterogeneity between studies was evaluated using the I 2 statistic (25%, 50%, and 75%, respectively, indicate a low, medium, and high degree of heterogeneity) (Higgins et al., 2003) .
We performed a series of subgroup analyses and sensitivity analyses to assess sources of heterogeneity between studies. Subgroup analyses were based on the different parameters: gestational period, study settings (non-Asian or Asian), study designs (cohort or case-control study), exposure types (continuous or categorical exposure), data source (monitoring network data or land use regression model based on monitoring network data), the methodological quality of the studies (NOS≤7 or NOS>7), and possible confounding effects of smoking and meteorological factors (adjusted or non-adjusted). For sensitivity analysis, we rejected only one study with the largest sample size from the meta-analyses (Stieb et al., 2016) . Publication bias was examined using Egger's and Begg's tests (Sterne and Harbord, 2004; Harbord and Higgins, 2008) . All statistical tests were two-sided and P<0.05 was considered statistically significant.
Results

Search results and study characteristics
The main information about the individual studies is presented in Table S2 . Forty studies were ultimately included in this meta-analysis, each containing a total of as few as 225 or as many as 2 402 545 births. Studies were carried out in 29 locations. Most studies (32/40) were conducted in the non-Asian countries and nearly half of those (17/32) were from the USA.
There were 11 case-control and 29 cohort designs. Most studies (28/40) were based only on central monitoring data when assessing exposure. Of the 40 studies which examined adverse birth outcomes, 20 evaluated LBW, 24 PTB, and 8 SGA at term. Categorical measures of exposure were used in 9 studies, and continuous measures in 19. Twelve studies used both measures. Adjustments were made for sex, gestational age, maternal age, maternal education, and parity in almost all studies, but only some studies (14/40) were adjusted for smoking, and few (3/40) directly adjusted for meteorological factors. The average NOS was 8.
Pooled estimates
Pooled ORs during the entire pregnancy are summarized in Table 1 . The pooled ORs between PM 10 and LBW, PTB, and SGA were 1.06 (1.02-1.09), 1.05 (1.02-1.07), and 1.01 (0.98-1.04), respectively. I 2 values were 73.3%, 81.3%, and 58.3%, respectively. The pooled ORs between NO 2 exposure and LBW, PTB, and SGA were 1.02 (1.00-1.04), 0.98 (0.97-0.99), and 1.02 (1.01-1.03), with I 2 values of 32.3%, 69.8%, and 87.3%, respectively. Other pollutants' pooled estimates are shown in Table 1 . Heterogeneity was quite high among the most studies. We reported the pooled effects of PM 10 and NO 2 on adverse birth outcomes by subgroup and sensitivity analyses because of the larger number of studies and more consistent findings for these effects.
Pooled effects in different pregnancy trimesters
Four forest plots showed the relationships of NO 2 and PM 10 to LBW and PTB. The pooled ORs of PM 10 exposure with LBW in each of the three trimesters were 1.09 (1.02-1.16), 1.05 (0.99-1.12), and Tables 2 and 3 show the relationships of NO 2 and PM 10 to LBW and PTB, respectively, in subgroup analyses. The pooled OR between PM 10 and LBW was statistically significant for studies that were performed in non-Asian countries (OR=1.07 (1.03-1.10)), but was not significant in Asian countries (OR=0.87 (0.71-1.05)). The pooled OR between NO 2 exposure and LBW was not significant in both areas (Table 2) . We found significant effects of PM 10 (OR= 1.06 (1.03-1.09)) and NO 2 exposure (OR=0.98 (0.97-0.99)) on PTB in non-Asian countries (Table 3 ).
Other subgroup analyses
Significant ORs of PM 10 and NO 2 for LBW and PTB were observed in studies that used a cohort or case-control study design (Tables 2 and 3 ). We found increased ORs for the cohort group (1.04 (1.01-1.07)) and case-control group (1.07 (1.03-1.10)) estimating the association between PTB and PM 10 exposure, and decreased ORs for the cohort group (0.98 (0.97-0.99)) and case-control group (0.96 (0.93-0.98)) estimating the association between PTB and NO 2 exposure. We noticed different ORs between LBW and PM 10 in studies using continuous measures (1.07 (1.04-1.11)) or categorical measures (0.87 (0.76-0.99)) ( Table 2 ). In addition, the pooled ORs assessing NO 2 at continuous levels for LBW and PTB were 1.02 (1.00-1.04) and 0.98 (0.97-0.99), respectively (Tables 2 and  3 ). The pooled ORs between NO 2 and LBW (Table 2) and NO 2 and PTB (Table 3) were all statistically significant in the groups which were based on land use regression models (1.05 (1.02-1.08) for LBW and 0.96 (0.95-0.98) for PTB). Compared with using only monitored network data, land use regression model groups had greater ORs evaluating the association between NO 2 or PM 10 exposure and LBW. Table 3 shows that the pooled OR for PTB risk and PM 10 exposure in the group of NOS≤7 (1.05 (1.01-1.09)) was similar to NOS>7 (1.05 (1.02-1.07)). The pooled OR estimate for PTB risk and NO 2 exposure was greater for NOS≤7 (0.94 (0.89-0.98)) than for NOS>7 (0.98 (0.97-0.99)). The pooled OR adjusted for smoking was 1.07 (1.03-1.11), which was larger than that without adjustment (1.03 (0.96-1.11)) (Table 2), in studies estimating the pooled associations between LBW risk and PM 10 exposure. Only three studies estimated the association between PTB risk and pollutant exposure with adjustment for meteorological factors in this meta-analysis. We found a significant decrease in PTB associated with NO 2 (OR=0.98 (0.97-0.99)) during pregnancy without adjustment for meteorological factors. There was no statistical difference when we estimated the association after adjusting for meteorological factors (Table 3) .
Sensitivity analyses
In this meta-analysis, the study by Stieb et al. (2016) had the largest sample size, which is an important factor in pooled estimates. Therefore, we performed sensitivity analyses of the associations between NO 2 exposure in the different gestational periods and adverse birth outcomes (Fig. 6) . The pooled OR for LBW decreased from 1.07 (1.04-1.10) to 1.02 (0.99-1.06) (trimester 1), to 1.02 (0.99-1.05) (trimester 2), and to 1.01 (0.98-1.05) (trimester 3), after ignoring the study by Stieb et al. (2016) (Fig. 6a) . Excluding this study resulted in a negative association with PTB during different trimesters, changing ORs from 0.96 (0.95-0.97), 0.96 (0.95-0.97), and 0.97 (0.96-0.99) to 1.05 (1.01-1.09), 1.00 (0.94-1.06), and 1.11 (1.02-1.21), respectively (Fig. 6b ).
Heterogeneity, publication bias, and overall risk of bias
There was still significant heterogeneity among studies. Nevertheless, in some subgroups, such as those of continuous measures and NOS>7, the heterogeneity was lower. Based on the Beggs' test and Egger's test, we did not detect a statistically significant publication bias in analyses of the relationships between PM 2.5 exposure and PTB (Table 4) . Table 5 showed 24 signaling questions and 5 domain judgments according to the ROBIS tool. Apart from domain 2, domains were completed with a low risk of bias.
Discussion
In this systematic review and meta-analysis, we observed ORs of 1.03-1.21 for LBW and 0.97-1.06 for PTB when mothers were exposed to CO, NO 2 , NO x , O 3 , PM 2.5 , PM 10 , and SO 2 throughout their pregnancy. For SGA, we found that the pooled OR of 1.02 was attributable only to NO 2 . The association of pollutant exposure with adverse birth outcomes may be relatively stable, but could be affected by some important factors such as exposure period, study settings, and exposure types. These findings are important for strengthening guidance given during pregnancy and for reducing the incidence of adverse birth outcomes.
Pooled estimates
We found a pooled OR of 1.06 (1.02-1.09) for the relationship between PM 10 and LBW, and 1.05 (1.02-1.07) for the relationship between PM 10 with PTB during pregnancy. Compared with previous studies (Stieb et al., 2012; Lai et al., 2013) , the estimates for for PTB in relation to PM 10 exposure. Lai et al. (2013) reported that PM 10 exposure was associated with a 1.04-fold increase in PTB during pregnancy. Results for NO 2 exposure during pregnancy were more mixed (positive and negative associations). We found a significant negative association between NO 2 and PTB, while Stieb et al. (2012) observed a non-significant positive association (OR=1.06 (0.96-1.18)). In summary, our findings for PM 10 and NO 2 showed smaller effects compared to previous analyses. Some factors may explain why these associations of interest were attenuated in our meta-analysis. Compared with previous studies (Stieb et al., 2012; Lamichhane et al., 2015; Sun et al., 2015) , we controlled more confounding factors. We selected only studies that used methods of analytical epidemiology. Also, based on various subgroup analyses according to the exposure characteristics, we expected to have a relatively small publication bias, or other bias, in our review. Harsh conditions may have weakened this correlation. In addition, as in previous reviews (Stieb et al., 2012; Lamichhane et al., 2015; Sun et al., 2015) , we observed significant heterogeneity among studies. However, the degree of heterogeneity varied significantly depending on contaminants, outcome, and exposure period.
Pooled effects in different trimesters of pregnancy
Several studies have explored which pregnancy periods are more susceptible to the effects of air pollution. Some supported the first month or first trimester (Huynh et al., 2006; Ritz et al., 2007; Lee et al., 2013) . Others suggested later in pregnancy, such as the last week, the last month, or the third trimester (Wilhelm and Ritz, 2005; Jalaludin et al., 2007) for the window of susceptibility. In fact, there was little evidence to support an important window for identifying exposures considered as the focus of research in epidemiology and toxicology. We found that the pooled OR of PM 10 during the first trimester was higher than that of previous studies (Huynh et al., 2006; Lee et al., 2013) , whether for LBW or PTB. A relationship in the second and third trimester was not detected. However, Sapkota et al. (2012) estimated an OR of 1.02 (1.01-1.03) in the third trimester. Because early pregnancy is a critical period for fetal formation, higher exposure to pollutants could cause genetic mutations during this period. This could affect fetal development, resulting in fetal miscarriage, deformity, and even death (Lin and Santolaya-Forgas, 1998) . However, the effect of NO 2 exposure was almost identical in the three periods in this study, indicating the need for further study. Exposure to contaminants during the third trimester may induce inflammatory activation and lead to PTB (Vadillo-Ortega et al., 2014) .
Other subgroup analyses
We conducted subgroup analyses and found that the association between ambient air pollution and adverse birth outcomes may be relatively stable. However, the association could be affected by some important factors. In this meta-analysis, we selected studies that assessed PM 10 and NO 2 exposure on a continuous or categorical level. Of course, most studies involve continuous variables. There were completely different outcomes when estimating the associations between LBW risk and PM 10 exposure, which indicated that some meta-studies using categorical data instead of continuous variables were unavailable (Stieb et al., 2012) . It has been found that the toxicity and effects of contaminants may vary geographically (Laden et al., 2000) . Therefore, it is reasonable to conduct subgroup analysis of different regions. We observed a significant effect of NO 2 or PM 10 exposure only for the non-Asian studies. This may be because there has been less research in Asian countries, suggesting that more studies are needed, especially in developing countries, which are generally considered to have higher environmental pollution.
We found significant pooled effects of PM 10 and NO 2 on LBW and PTB in studies that used a cohort or case-control study design. However, the metaestimate of the effect of PM 10 or NO 2 on PTB was larger in case-control studies than in cohort studies. Similarly, the pooled estimate between PTB risk and PM 10 or NO 2 exposure was greater for NOS≤7 than for NOS>7, suggesting that the association may have been exaggerated using a case-control study design or by having a lower NOS value. Sun et al. (2015) also indicated that retrospective studies had a greater effect than prospective studies. Compared with using only monitored network data, land use regression model groups had a greater OR evaluating the association between PM 10 or NO 2 exposure and LBW. Thus, there was a smaller OR if we used only monitored network data. This approach did not consider spatial dislocation between women's dwellings and monitoring points, different patterns of activity among women, or the possibility that women may have changed their home location during pregnancy (Brauer et al., 2008; Berrocal et al., 2011) .
Previous meta-analyses adjusted for some common confounders, such as infant sex and parity, gestational age, maternal age, education, and race. To provide an improved analysis, smoking status during pregnancy, as a potential source of heterogeneity, was included. We observed that there was a larger effect after adjusting for smoking, in estimating the relationship between LBW and PM 10 exposure. This was consistent with the results of a previous study . In addition, meteorological factors are regarded as important confounders (GiorgisAllemand et al., 2017) . However, no statistical differences were observed when we estimated associations after adjusting for meteorological factors. This was probably because only a few studies estimated the association between PTB risk and pollutant exposure in this review after adjusting for meteorological factors. We suggest that meteorological factors should be taken into consideration in future studies of air pollutants and birth outcomes.
Risk of bias
Based on Beggs' test and Egger's test, we did not detect a statistically significant publication bias for most air pollutants or adverse birth outcomes. Also, the ROBIS tool showed that this review was completed with a low risk of bias. Therefore, we expect to have a relatively small publication bias or other bias in our review. A previous study analyzing air pollution and mortality showed that different effects reported in meta-analyses and in multicentre studies could cause publication bias (Samoli et al., 2008) . This could explain, in part, some differences between this study and previous meta-analyses.
Strengths, limitations, and suggestions
Our review covered a larger number of highquality studies. We reported associations between three adverse birth outcomes and seven pollutants. A series of subgroup and sensitivity analyses were conducted to identify possible exposure-response relationships and explore sources of heterogeneity. The role of meteorological factors was taken into account, which was not covered in previous metaanalyses. In addition, to our knowledge, this is the first time that the ROBIS tool has been used in a review of air pollution and birth outcomes. Several limitations should be addressed. Although study designs, study settings, exposure types, and data sources partially explained the heterogeneity, significant heterogeneity remained in most subgroup analyses. This may have been due to the effects of other variables that we were not considering, such as economic status, disease history, or prenatal examination history. To compare and combine the estimation of gaseous pollutants, we scaled consequences according to the concentration ratios of different averaging time, which reflected only differences in scale, not the actual difference related to the peak and average exposure.
Hence, these results demonstrate that more studies on associations between ambient air pollution and adverse birth outcomes are needed. Future large cohort studies with sufficient data and detailed information during pregnancy as well as reliable exposure data are required for a better understanding of the associations. In addition, future meta-analyses should take into account the interactions between various pollutants. By exploring the nature of interactions, we can better explore the sources of heterogeneity and better understand the effect of pollutants on birth outcomes.
Conclusions
Based on 40 studies of ambient air pollution and adverse birth outcomes, this systematic review and meta-analysis revealed pooled ORs of 1.03-1.21 for LBW and 0.97-1.06 for PTB when mothers were exposed to CO, NO 2 , NO x , O 3 , PM 2.5 , PM 10 , and SO 2 throughout their pregnancy. These associations may be relatively stable, but could be affected by some important factors such as exposure period, study settings, and smoking factors, which decreased the heterogeneity to some extent, but remained mostly nonsignificant in this study. Therefore, sources of heterogeneity between studies need to be further explored in future meta-analyses.
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